The influence of metal carbides, TiC, VC, ZrC, Mo 2 C, TaC, and WC, on the liquid-phase oxidation processes of 1-octene by molecular oxygen and tert-butyl hydroperoxide was investigated. It was established that vanadium carbide is the most active in the oxidation process of 1-octene by molecular oxygen as well as in the tert-butyl hydroperoxide unproductive decomposition process in the hydroperoxide oxidation reaction. It was shown that there is a correlation among the activities of metal carbides in these processes.
Introduction
The oxidation of saturated and unsaturated hydrocarbons with different oxidants is one of the most important, promising, and challenging fields from both, academic and industrial points of view [1, 2] . This process allows to obtain epoxides, diols, ketones, and other oxygen-containing compounds which are key materials for synthesis of fine chemicals, pharmaceuticals, and important intermediates in petroleum industrial chemistry [3] [4] [5] .
Among the commonly used oxidants, molecular oxygen has attracted a great deal of attention [6] . This oxidant is cheaper, safer, and greener and has a higher content of active oxygen than others. However, the technology with which oxidation substrates are oxidized by molecular oxygen to produce desirable products has not been improved very well up to now. In many cases, the direct oxidation of organic substrates by molecular oxygen with desirable products formation usually required an initiator (additional organic solvent and hydrogen peroxide or alkyl hydroperoxide) as well as effective catalyst which plays a central role in the oxidation process.
Complexes of various transition metals are used as the homogeneous catalysts in the oxidation of saturated and unsaturated hydrocarbons by molecular oxygen [7, 8] . However, the separation and recycling of the homogeneous catalysts are, in general, very difficult, and therefore, production of toxic waste is unavoidable. That is why, efforts are being made to search for simple and inexpensive but easily separable and reusable heterogeneous catalysts [9] [10] [11] .
In the present work, the activity of heterogeneous transition metal carbides: TiC, VC, ZrC, Mo 2 C, TaC, and WC in the liquid-phase oxidation processes of 1-octene (OC) by molecular oxygen and tert-butyl hydroperoxide (TBHP) was investigated.
Experimental
Commercial 1-octene of reagent pure grade was additionally distilled. Commercial solvent chlorobenzene, chemically pure grade, was additionally dried and distilled. The metal carbides (Cat): TiC, VC, ZrC, Mo 2 C, TaC, and WC were commercial chemicals of chemically pure grade. Molecular oxygen was purified prior to entering the reaction system, and it was passed through CaCl 2 and mixture of CaO and NaOH. tert-Butyl hydroperoxide was synthesized from tertbutyl alcohol and hydrogen peroxide in the presence of sulfuric acid by the procedure [12] . Azodiizobutyronitrile (AIBN) was purified by recrystallization from ethanol.
The oxidation process of 1-octene by molecular oxygen was carried out in a glass reactor equipped with a magnetic stirrer and constant temperature jacket at gasometric unit [13] at temperature 353 K and 1 × 10 5 Pa of oxygen pressure.
The oxidation of 1-octene by TBHP was realized in thermostated glass reactor fitted with a magnetic stirrer and a reflux condenser under an argon atmosphere at temperature 393 K, but in the case of Mo 2 C, temperature was 363 K (because of high activity of this carbide in this process).
The rate of 1-octene oxidation process by molecular oxygen was determined from the rate of oxygen absorption. It was established that the oxidation rate does not depend on the oxygen pressure when pressure is higher than 5 × 10 4 Pa.
The rate of the oxidation process of 1-octene by TBHP was determined from kinetic curves for hydroperoxide consumption. The hydroperoxide content was determined by iodometric titration. The reaction mixtures were analyzed by gas chromatography using a Tsvet-100 gas chromatograph with a thermal conductivity detector. The reaction mixtures were separated into components on a column of 3m length and 4mm diameter packed with 10% Apiezon L on Chromaton N-AW, at 413 K and carrier gas (hydrogen) flow rate 3.6 L/h.
Results and Discussion
It was established that purified and distilled 1-octene is not oxidized by molecular oxygen in the presence of transition metal carbides under these reaction conditions for 2 hours. That is why the homogeneous initiators of radical processes: AIBN, TBHP were introduced in the reaction system and the liquid-phase oxidation process was carried out in similar conditions.
It was observed that introduction of AIBN in the reaction mixture leads to the increase in the oxygen consumption. However, the introduction of metal carbides in the reaction system in the presence of AIBN has no result: the oxidation rate is the same as for the noncatalytic process. It shows that metal carbides do not influence the liquid-phase oxidation process when AIBN is present in the reaction mixture.
When another homogeneous initiator, TBHP, was used instead of AIBN, the character of metal carbides influence on the process changed. The introduction of metal carbides in the reaction system results in increasing the oxidation rate which depends on metal nature in carbides. It indicates the activated influence of metal carbides on the oxidation process of 1-octene by molecular oxygen in the presence of TBHP.
This influence of metal carbides on the oxidation process in the presence of AIBN and TBHP allows to conclude that these catalysts do not influence chain propagation and chain termination stages. The effect of metal carbides on the oxidation process of 1-octene by molecular oxygen is to deal with participation in the stage of radical formation by TBHP decomposition.
The obtained results of the influence of metal carbides on the liquid-phase oxidation process of 1-octene by molecular oxygen in the presence of tert-butyl hydroperoxide in the reaction system are presented in Figure 1 . It is seen that the most intensive oxygen absorption in the oxidation process is observed in the presence of VC. It indicates that this carbide is the most active in the investigated process. Other metal carbides slightly speed the oxidation process in compare with the noncatalytic process. One can conclude that they exhibit unsignificant activated influence on the oxidation process.
Taking into account the obtained results and based on data of literature [14, 15] as well as data of our previous works [16] [17] [18] , we can propose the next model of the radical formation process in the oxidation process of 1-octene by molecular oxygen in the presence of metal carbides and TBHP on the initial stages of the reaction
where Z 1 -complex between two TBHP molecules; Z 2 -complex of catalyst with two molecules of TBHP. The radicals are formed in the following reactions:
where k nCat -rate constant of reaction of noncatalytic radicals formation; k Cat -rate constant of radicals formation reaction in the presence of catalyst. The overall scheme of the oxidation process of olefins by molecular oxygen in the presence of catalysts and TBHP on the initial stages of the reaction is described in [16] [17] [18] .
It is also interesting to study the activity of metal carbides in the liquid-phase oxidation process of 1-octene tert-butyl hydroperoxide in the absence of molecular oxygen in atmosphere of inert gas and argon and to compare the influence of carbides on the oxidation processes of 1-octene by molecular oxygen and TBHP. One can see that all investigated carbides increase the TBHP consumption in comparison to the noncatalytic process which occurs slightly. However, their catalytic activity is different. Mo 2 C, ZrC, and VC are the most active in the process of TBHP consumption in the reaction of the 1-octene hydroperoxide oxidation, whereas TiC and TaC show, lowest activity. Tungsten carbide exhibits intermediate catalytic activity in this process. It is established that in the presence of all the investigated metal carbides, the 1,2-epoxyoctane is formed with the selectivity of (in account of hydroperoxide consumption) 81, 96, 84, 43, 22, and 20% in the presence of Mo 2 C, ZrC, VC, WC, and TiC, respectively, and 1% in the absence of catalyst in the reaction system.
The obtained results indicate the significant contribution of unproductive TBHP consumption in the overall 1-octene hydroperoxide oxidation process especially in the presence of TaC and VC. Therefore, the values of initial rate of the hydroperoxide unproductive decomposition process (R dec ) were calculated from the overall initial rate of the hydroperoxide oxidation process of 1-octene by TBHP using the values of contribution of hydroperoxide decomposition reaction (Figure 3) . The values of initial rate of the oxidation reaction by molecular oxygen in the presence of TBHP (RO 2 ) are also given in this figure.
It is seen that in the case of vanadium carbide, the initial rate of the oxidation reaction by molecular oxygen as well as the initial rate of the hydroperoxide unproductive decomposition process in the hydroperoxide oxidation reaction reached its highest value. Figure 3 shows that the character of change in the rate of oxidation reaction of 1-octene by molecular oxygen with change of metal nature of carbides correlates with the character of change in the rate of hydroperoxide unproductive decomposition process in the reaction of oxidation of 1-octene by tert-butyl hydroperoxide. Thus, the obtained results show that there is correlation between the activity of metal carbides in the processes of oxidation of 1-octene by molecular oxygen and their activity in the hydroperoxide unproductive decomposition process in the reaction of oxidation of 1-octene by tertbutyl hydroperoxide. The highest value of the initial rate for both the oxidation reaction by molecular oxygen and the hydroperoxide unproductive decomposition process is achieved in the presence of vanadium carbide. The investigated metal carbides take part in the oxidation process of 1-octene by molecular oxygen in the presence of TBHP via catalythis of reaction of radical formation by radical decomposition of tert-butyl hydroperoxide.
